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I INTRODUCTION 
Z i n c  oxide (ZnO) and z i n c  o r t h o t i t a n a t e  (Zn Ti0  ) a r e  c u r r e n t l y  2 4  
used a s  pigments f o r  thermal  c o n t r o l  c o a t i n g s  on space v e h i c l e s .  Both 
of t h e s e  m a t e r i a l s  lose r e f l e c t a n c e  d u r i n g  space f l i g h t  or space f l i g h t  
s i m u l a t i o n s  because of u l t r a q i o l e t  r a d i a t i o n  i n  vacuum. To  d e c r e a s e  
s u s c e p t i b i l i t y  t o  damage from u l t r a v i o l e t  r a d i a t i o n ,  z i n c  oxide  i s  
coa ted  w i t h  an a l k a l i  s i l i c a t e ,  t h e n  h e a t  t r e a t e d  a t  low t e m p e r a t u r e ,  
and z i n c  o r t h o t i t a n a t e  i s  h e a t e d  a t  t e m p e r a t u r e s  between 900" and 1100°C. 
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U n f o r t u n a t e l y ,  t h e s e  h e a t  t r e a t m e n t s  cause  s i n t e r i n g  and p a r t i c l e  
agglomera t ion ,  and a subsequent  comminution p r o c e s s i n g  s t e p  must be e m -  
p loyed .  The comminution a p p a r e n t l y  damages t h e  z i n c  o r t h o t i t a n a t e  i n  
one c a s e ,  and r e s u l t s  i n  z i n c  oxide p a r t i c l e s  t h a t  a r e  n o t  comple te ly  
coa ted  w i t h  a l k a l i  s i l i c a t e  i n  t h e  o t h e r .  T h e r e f o r e ,  a h e a t  t r e a t m e n t  
t h a t  d o e s  n o t  r e s u l t  i n  agglomerat ion and s i n t e r i n g ,  thereby  e l i m i n a t i n g  
t h e  need for subsequent  comminution of t h e  pigment p a r t i c l e s ,  should 
provide  m a t e r i a l s  w i t h  g r e a t e r  r e s i s t a n c e  t o  u l t r a v i o l e t  r a d i a t i o n  under  
vacuum c o n d i t i o n s .  
The plasma technique  i s  an a t t r a c t i v e  method of c a l c i n i n g  f i n e  
p a r t i c l e s  w i t h o u t  producing s i n t e r e d  agglomera tes .  The o b j e c t i v e  of 
t h i s  s t u d y  was t o  de te rmine  t h e  p o t e n t i a l  o f  employing i n d u c t i o n  plasma 
h e a t i n g  t e c h n i q u e s  f o r  c a l c i n i n g  pigment p a r t i c l e s  used i n  thermal  con- 
t r o l  c o a t i n g s .  F i n e  p a r t i c l e s  of s i l i c a t e d  z i n c  oxide and z i n c  o r t h o t i -  
t a n a t e  were d i s p e r s e d  i n  a c a r r i e r  g a s  of argon and oxygen and were 
h e a t e d  by h o t  argon produced i n  an  i n d u c t i o n  plasma.  
The work d u r i n g  t h i s  r e p o r t  p e r i o d  h a s  been p r i m a r i l y  concerned 
w i t h  z i n c  o r t h o t i t a n a t e .  
G .  A .  Z e r l a u t  e t  a 1  . , "Development of Space-Stable  Thermal-Control 
C o a t i n g s , "  IITRI Repor t  No. IITRI-06002-55, September 1967. 
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I1 SUMMARY 
The c r y s t a l  s t r u c t u r e  of the z i n c  o r t h o t i t a n a t e  pigment powders 
appea r s  t o  be u n a l t e r e d  by plasma c a l c i n i n g .  The p a r t i c l e  morphology 
i s  a l t e r e d  t o  t h e  e x t e n t  t h a t  p ro tube rances  and s h a r p  edges  a r e  removed, 
producing a rounding  e f f e c t .  Most of  t h e  p a r t i c l e s  are n o t  a p p r e c i a b l y  
a l t e r e d  i n  s i ze ,  b u t  the p roduc t ion  of a new phase of very s m a l l  par-  
t i c l e s  s h i f t s  the average  p a r t i c l e  s i z e  a t  h i g h  plasma t r e a t m e n t  t e m -  
p e r a t u r e s .  
The chemica l  i m p u r i t i e s  p r e s e n t  i n  t h e  z i n c  o r t h o t i t a n a t e  a r e  from 
the DuPont a n a t a s e  s t a r t i n g  m a t e r i a l  and,  a p p a r e n t l y ,  from the ceramic  
v e s s e l s  used d u r i n g  s y n t h e s i s .  Plasma c a l c i n i n g  does  n o t  a p p r e c i a b l y  
a f f e c t  the impur i ty  c o n t e n t .  
Four  e l e c t r o n  paramagnet ic  r e sonances  have been d e t e c t e d  i n  t h e  
z i n c  o r t h o t i t a n a t e .  The changes i n  the va lue  of  t h e s e  resonance  l i n e s  
i n d i c a t e  changes i n  s u s c e p t i b i l i t y  t o  UV r a d i a t i o n  damage. S i g n i f i c a n t  
d i f f e r e n c e s  have been observed a s  a r e su l t  of  t h e  s y n t h e s i s  procedure  
and t h e  plasma t r e a t m e n t .  
Dur ing  the nex t  r e s e a r c h  p e r i o d  emphasis  w i l l  be  p l aced  on op t imiz -  
i n g  t h e  c a l c i n a t i o n  p r o c e s s ,  and on c o r r e l a t i n g  e l e c t r o n  paramagnet ic  
resonance  wi th  s o l a r  s i m u l a t i o n .  
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I11 EXPERIMENTAL PROCEDURE 
The e x p e r i m e n t a l  z i n c  o r t h o t i t a n a t e  pigments were produced a t  I I T  
Research I n s t i t u t e  under  NASA c o n t r a c t  NAS8-5379. Samples of t h e  Zn Ti0  2 4  
pigments a l o n g  w i t h  samples of t h e i r  two s y n t h e s i s  components ZnO (SP500, 
New J e r s e y  Z i n c )  and T i 0  (FF a n a t a s e ,  DuPont) were r e c e i v e d  for plasma 
c a l c i n i n g  and c h a r a c t e r i z a t i o n .  The pigments were processed through t h e  
RF plasma f a c i l i t y .  The s t a r t i n g  m a t e r i a l s  and c a l c i n e d  p r o d u c t s  were 
2 
t h e n  analyzed by X-ray d i f f r a c t i o n ,  scanning  e l e c t r o n  microscopy (SEM), 
emiss ion  s p e c t r o g r a p h y ,  e lec t ron  paramagnet ic  resonance (EPR), and 
s p e c t r o r e f  l e c t o m e t r y  . 
The p r e p a r a t i o n  of t h e  pigments was d e s c r i b e d  i n  I n t e r i m  T e c h n i c a l  
2 
R e p o r t s  N o .  1 
m i l l e d  z i n c  o r t h o t i t a n a t e  pigments have been g iven  l e t t e r  d e s i g n r t i o n s  
based on t h e i r  s y n t h e s i s  and p r e p a r a t i o n  (Table  I ) .  
and N o .  2 . 3  To f a c i l i t a t e  comparing t e s t  d a t a ,  t h e  b a l l -  
The plasma a p p a r a t u s  used i n  t h i s  s t u d y  was d e s c r i b e d  i n  d e t a i l  i n  
I n t e r i m  T e c h n i c a l  Repor t  No. 1, and t h e  p r e s e n t  o p e r a t i n g  c o n d i t i o n s  
were d e s c r i b e d  i n  I n t e r i m  T e c h n i c a l  Repor t  N o .  2 .  A l l  r u n s  were con- 
ducted a t  p r e s s u r e s  between 633 and 710 t o r r .  The pigments were i n j e c t e d  
downstream from t h e  plasma.  The c o n s t a n t  g a s  flow r a t e  employed produces 
a c o n s t a n t  r e s i d e n c e  or h e a t i n g  t i m e  of about  1.1 seconds .  The gas  t e m -  
p e r a t u r e  i n  e x c e s s  of ambient (AT) i s  c a l c u l a t e d  from t h e  gas  flow r a t e ,  
i n p u t  e l e c t r i c a l  e n e r g y ,  and t h e  h e a t  c a p a c i t y  of t h e  argon plasma g a s ,  
and i s  given by e q u a t i o n  (1). 
AT = 25 E I /J 
P P  
2 R .  W .  B a r t l e t t ,  " I n d u c t i o n  Plasma C a l c i n i n g  of Pigment P a r t i c l e s  f o r  
Thermal C o n t r o l  C o a t i n g s , "  SRI I n t e r i m  T e c h n i c a l  Repor t  N o .  1, PMU-7083, 
(Aug. 15 ,  1968) .  
3E. P .  F a r l e y  and P .  J .  J o r g e n s e n ,  " I n d u c t i o n  Plasma C a l c i n i n g  of Pigment 
P a r t i c l e s  fo r  Thermal C o n t r o l  C o a t i n g s , "  SRI i n t e r i m  T e c h n i c a l  Repor t  
N O .  2 ,  PMU-7083 ( J u l y  30, 1969) .  
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where J i s  t h e  t o t a l  g a s  flow r a t e  i n  l i t e r s / m i n  a t  S . T . P . ,  E i s  p l a t e  
v o l t a g e ,  and I i s  p l a t e  amperage. The plasma c o n s i s t e d  e n t i r e l y  of 
argon,  w h i l e  t h e  g a s e s  used t o  t r a n s p o r t  t h e  pigment p a r t i c l e s  i n t o  t h e  
plasma a p p a r a t u s  c o n t a i n e d  e q u a l  amounts of argon and oxygen. The t o t a l  
r e s u l t i n g  gas  composi t ion i n  t h e  r e a c t o r  was 80.7% argon and 19.3% oxygen. 
Pigment Type 
A- 0 
A- 1 
A- 2 
B-0 
B-1 
B-2 
c-0 
c- 1 
c-2 
D-0 
D- 1 
Table  I 
PIGMENT DESCRIPTION AND DESIGNATION 
S R I  SR I 
No. No. 
D e s c r i p t i o n  Sample Sample 
F i r e d  t o  925'C f o r  18 h r .  4 3 
E x t r a c t e d  w i t h  10% HC H 0 
Dry ground f o r  24 h r  , 
2 3 2  
C a l c i n e d  @ AT = 195OOC 4-7 3* 
Calc ined  @ AT = 2950'C 4-8 3** 
F i r e d  t o  925°C f o r  18 h r .  6 4 
E x t r a c t e d  w i t h  10% HC2H302 
R e - f i r e d  t o  1050'C for 5 h r .  
Dry ground for 24 hr. 
Calc ined  @ AT = 195OOC 6- 9 4" 
Calc ined  @ AT = 290OoC 6- 10 4* * 
F i r e d  t o  1050'C for 18 h r .  3 6 
E x t r a c t e d  w i t h  10% HC2H302 
Dry ground for 24 h r  . 
Calc ined  @ AT = 175OOC 3-2 6" 
Calc ined  @ AT = 290OOC 3- 6 6* * 
F i r e d  t o  925'C for 18 h r .  9 B229 
( w i t h  e x c e s s  ZnO) 
No HC2H302 e x t r a c t i o n  
Dry ground for about  12 h r  . 
Calc ined  @ AT = 2000'C 9-20 -- 
4 
A l l  X-ray d i f f r a c t i o n  s t u d i e s  were performed on a Nore lco  2 . 5  KW 
g e n e r a t o r  equipped with a v e r t i c a l  goniometer u s i n g  CuK, r a d i a t i o n  w i t h  
a n i c k e l  f i l t e r .  Scanning speed f o r  g e n e r a l  i ndex ing  was 2'/min. F o r  
l a t t i c e  parameter  and r e f l e c t i o n  con tour  d e t e r m i n a t i o n s ,  t h e  samples 
were scanned 1/S0/min. Samples were prepared  by l i g h t l y  p r e s s i n g  t h e  
pigment powders i n t o  a f l a t  1-mm t h i c k  l a y e r .  
A l l  of  t h e  scanning  e l e c t r o n  microscope p i c t u r e s  i n  t h i s  r e p o r t  
were made w i t h  a Japan  E l e c t r o n  O p t i c s  Labora tory  C o .  JSM-2 u n i t .  The 
pigment p a r t i c l e s  were d i s p e r s e d  i n  a l c o h o l  and p laced  on a 1-cm-dia. 
b r a s s  sample h o l d e r .  They were d r i e d  and then  g iven  a t h i n  (W 50 A) e 
gold c o a t i n g  from two d i f f e r e n t  angles  t o  p reven t  charge  accumula t ion .  
O r i g i n a l  photographs were t aken  a t  3,000, 10,000, and 30,000 m a g n i f i c a t i o n .  
0 
The e l e c t r o n  paramagnet ic  resonance  measurements were made w i t h  a 
Var i an  V-4502 X-band spec t romete r  equipped w i t h  a 12-inch magnet,  a f i e l d  
d i a l ,  and a d u a l  c a v i t y  (TE ) opera t ed  from t h e  microwave b r i d g e  i n  a 
low-power mode. The pigment sample was i n s e r t e d  i n  one of t h e  c a v i t i e s  
employing 10 H z  modula t ion  a t  2 .50  O e  and c o n t a i n i n g  a tempera ture-  
c o n t r o l l e d  dewar.  E i t h e r  a sample of 0.1% p i t c h  i n  K C 1  f o r  measuring 
c a v i t y  s e n s i t i v i t y  ( I p )  o r  a MgO:Mn sample f o r  measuring g v a l u e s  was 
i n s e r t e d  i n  t h e  o t h e r  c a v i t y  employing 400 H z  modula t ion .  
104 
5 
The pigment samples  were p repa red  i n  t h e  f o l l o w i n g  manner: approxi -  
mate ly  1 gram of t h e  powder was p l aced  i n  a 3-mm-ID q u a r t z  tube  making a 
column about  1.5 c m  h i g h .  The tube  was then  s e a l e d  t o  a vacuum system 
and evacuated  t o  about  10 to r r .  The samples  w e r e  hea t ed  under  vacuum 
t o  1 5 O o C  f o r  30 min.  The pigment samples  were i r r a d i a t e d  a t  a d i s t a n c e  
of 50 c m  w i t h  u n f i l t e r e d  l i g h t  from a 200-watt  mercury-xenon lamp 
(PEK 210) t h a t  i s  i n  a hous ing  equipped w i t h  q u a r t z  o p t i c s  and a f r o n t  
s u r f a c e  m i r r o r  (system f-number, f /O .55) .  The q u a r t z  tube  was r o t a t e d  
a t  about  1 rpm t o  p rov ide  uniform i r r a d i a t i o n  on 211 s ides  of t h e  sample.  
-5 
The r e f l e c t a n c e  measurements ( s p e c t r o r e f l e c t o m e t e r )  were made i n  
t h e  IITRI space - so la r - s imula t ion  f a c i l i t y .  
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I V  RESULTS AND DISCUSSION 
The e f f e c t  of c a l c i n i n g  on pigment powders was determined by charac-  
t e r i z i n g  t h e  p a r t i c l e s  b e f o r e  and a f t e r  t h e  RF plasma h e a t  t r e a t m e n t .  The 
component m a t e r i a l s  used i n  t h e  s y n t h e s i s  of t h e  z i n c  o r t h o t i t a n a t e  pig-  
men t s ,  t h e  b e g i n n i n g  pigment powders, and t h e  RF plasma c a l c i n e d  z i n c  
o r t h o t i t a n a t e  powders were analyzed f o r  c r y s t a l  s t r u c t u r e ,  chemical  phases ,  
p a r t i c l e  morphology, p a r t i c l e  s i z e  d i s t r i b u t i o n ,  and chemical i m p u r i t i e s .  
S u s c e p t i b i l i t y  of t h e s e  powders t o  vacuum W i r r a d i a t i o n  damage was mea- 
sured  by EPR and s p e c t r o r e f  l e c t a n c e  . 
A .  Pigment A n a l y s i s  
1. C r y s t a l l i n e  S t r u c t u r e  
4 
Zinc o r t h o t i t a n a t e  i s  r e p o r t e d  t o  have an i n v e r s e  s p i n e l  s t r u c t u r e .  
The c r y s t a l l o g r a p h i c  d e s c r i p t i o n  i s  given a s  H -Fd3m; 32 oxygen atoms i n  
approximate ly  c u b i c  closest  packing,  8 Zn i o n s  i n  A s i t e s  w i t h  t e t r a -  
h e d r a l  c o o r d i n a t i o n ,  and 8 Zn + 8 T i  i o n s  d i s t r i b u t e d  randomly i n  B 
s i tes  w i t h  o c t a h e d r a l  c o o r d i n a t i o n .  The ASTM f i l e  card  13-536 based on 
r e f e r e n c e  4 l i s t s  17 observed r e f l e c t i o n s  (Table  11) f o r  Zn T i 0  Also  
l i s t e d  i n  Table  I1 a r e  8 a d d i t i o n 2 1  r e f l e c t i o n s  t h a t  w e  have observed 
and indexed i n  t h e  back r e f l e c t i o n  r e g i o n .  Agreement i n  p o s i t i o n  and in-  
t e n s i t y  of t h e  17 r e f e r e n c e  r e f l e c t i o n s  i s  q u i t e  good. The ASTM m a t e r i a l  
was 2 Zn0:l  T i0  m i x t u r e  f i r e d  a t  120OOC f o r  3 h o u r s .  Our e x p e r i m e n t a l  
m a t e r i a l  C-0 was f i r e d  t o  1050°C f o r  18 h o u r s .  
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Bar t ram and S l e p e t y s  observed a shr inkage  i n  t h e  l a t t i c e  parameter  
f o r  Zn T i 0  a s  it was f i r e d  t o  h i g h e r  t e m p e r a t u r e s  (FZ 0.020 A shr inkage  
from 900' t o  14OOOC). T h i s  a g r e e s  w i t h  an observed tendency f o r  t h e  p ig-  
ments f i r e d  a t  lower t e m p e r a t u r e s  (925OC) t o  e x h i b i t  a s l i g h t l y  h i g h e r  
l a t t i c e  parameter  (by M 0.005 A) t h a n  t h a t  of pigment C-0. Pigment B-0 
0 
2 4  
0 
Bartram and S l e p e t y s ,  "Compound Formation and C r y s t a l  S t r u c t u r e  i n  t h e  
System ZnO-Ti02," J .  Am.  Ceram. S O C . ,  44:10, p .  493-499 (1961) .  
4 
6 
i s  anomalous i n  two r e s p e c t s :  f i r s t ,  t h e  l a t t i c e  parameter  i s  s m a l l e r  
(by M 0.010 A) t h a n  t h o s e  of A-0 and C - 0 ;  second t h e  844 back r e f l e c t i o n  
i s  d i s t o r t e d  i n t o  P c h a r a c t e r i s t i c  skew ( F i g .  1) which a p p e a r s  t o  be 
u n a f f e c t e d  by plasma h e a t  t r e a t m e n t .  
0 
Table  I1 
OBSERVED X-RAY REFLECTIONS AND 
ASTM 13-536 
h k l  I/I d 
INTENSITIES FOR Zn2Ti04 
E x De r i m e  n t a 1 
1/1 d 
111 
220 
3 1 1  
222 
400 
422 
511, 333 
440 
620 
533 
622 
444 
642 
731,553 
800 
822, 660 
751, 555 
662 
840 
664 
93 1 
844 
862 
951, 773 
666 
6 
45 
100 
8 
16 
16 
40  
45 
4 
10 
4 
2 
6 
14 
4 
2 
10 
4.92 
3 .OO 
2.557 
2.449 
2 .121  
1.730 
1.630 
1.496 
1.338 
1.293 
1.276 
1.223 
1.130 
1.101 
1.058 
0.997 
0.977 
4.90 
3 .oo 
2.557 
2.445 
2.115 
1.729 
1.629 
1.497 
1.339 
1 .291  
1.277 
1.222 
1 .131  
1.102 
1.058 
0.997 
0.978 
0 .971 
0.947 
0.902 
0.887 
0.864 
0.830 
0.818 
0.815 
( I n t e n s i t i e s  f o r  back r e f l e c t i o n  r e g i o n  were normalized 
t o  a g r e e  w i t h  ASTM lo s l i t  i n t e n s i t y  f o r  800 r e f l e c t i o n .  
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FIGURE 1 BACK REFLECTION PEAKS FROM 844 CRYSTALLOGRAPHIC 
PLANES IN ZINC ORTHOTITANATE 
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A l l  pigments a r e  i n  a p a r t i c l e  s i z e  range  t h a t  should be l a r g e  enough 
t o  e l i m i n a t e  l i n e  broadening .  T h e r e f o r e  t h e  3w0 s t r o n g e r  r e f l e c t i o n s  i n  
sample C-0 over  sample A-0  a r e  an  i n d i c a t i o n  of b e t t e r  c r y s t a l l i n i t y .  R e -  
f l e c t i o n s  of  D - 0  ( o b t a i n e d  s u b s e q u e n t l y ) ,  which were prepared  i n  t h e  same 
manner a s  A - 0 ,  a r e  30% h i g h e r  than t h o s e  of C-0 .  The only  d i f f e r e n c e s  
between t h e  pigments a r e  an e x c e s s  of ZnO i n  t h e  f o r m u l a t i o n  of D - 0  and 
t h e  f a c t  t h a t  HC H 0 e x t r a c t i o n  was n o t  employed. A l s o  t h e  f i n a l  g r ind-  
i n g  t i m e  was somewhat less (approximate ly  18 h o u r s  compared w i t h  24 hours)  
f o r  D - 0 .  
2 3 2  
N o  measurable  ,changes i n  t h e  c r y s t a l  s t r u c t u r e  of any of t h e  powders 
s t u d i e d  were observed a s  a r e s u l t  of plasma t r e a t m e n t .  
2 .  Chemical Phases  
Z i n c  o r t h o t i t a n a t e  was t h e  o n l y  phase a p p a r e n t  i n  pigments A-0 and 
C-0, w h i l e  B-0 c o n t a i n e d  approximate ly  1% f r e e  ZnO. Pigment D - 0 ,  formu- 
l a t e d  w i t h  0.5% e x c e s s  ZnO, e x h i b i t e d  a f r e e  ZnO c o n t e n t  of approximate ly  
576, which probably  r e s u l t e d  from t h e  omission of t h e  a c i d  washing s t e p  
a f t e r  f i r i n g .  A l l  powders t r e a t e d  i n  t h e  plasma a t  a AT g r e a t e r  t h a n  
290OoC showed t h e  presence  of e x c e s s  ZnO. These q u a n t i t a t i v e  a n a l y s e s  
a r e  based on comparing t h e  X-ray d i f f r a c t i o n  p a t t e r n s  of t h e  pigments 
w i t h  p a t t e r n s  of s y n t h e t i c  mechanical  m i x t u r e s  of C-0  and SP500 ZnO f o r -  
mulated t o  g ive  1, 2 ,  5 ,  10,  and 20% by weight  of f r e e  ZnO. The r e s u l t -  
i n g  d i f f r a c t i o n  p a t t e r n s  a r e  shown i n  F i g .  2 .  
3 .  P a r t i c l e  Morphology and S i z e  
F i g u r e  3 c o n t a i n s  scanning  e l e c t r o n  micrographs and X-ray d i f f r a c t i o n  
s p e c t r a  of t h e  t w o  components t h a t  en te r  i n t o  t h e  format ion  of z i n c  or tho-  
t i t a n a t e  and t h e  same d a t a  for t h e  f i n a l  p roduct  A - 0 .  The z i n c  oxide  and 
a n a t a s e  were p h y s i c a l l y  mixed and h e l d  (18 hours )  a t  a tempera ture  (925OC) 
s u f f i c i e n t  t o  form t h e  o r t h o t i t a n a t e  s t r u c t u r e .  I t  h a s  been sugges ted  
t h a t  t h e  ZnO d i f f u s e s  i n t o  t h e  Ti02 .5  The SP500 ZnO h a s  an average  s i z e  
'Kubo, T e r n i c h i r o ,  e t  a l . ,  ' k o l i d  S t a t e  R e a c t i o n  of  t h e  Ti0  -ZnO System," 2 J .  of t h e  Chem. SOC. of J a p a n ,  I n d u s t r i a l  Chem. S e c .  66:4,  pp.  403-407 (1963) .  - 
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of about  0 . 3  micron and t h e  DuPont FF a n a t a s e  h a s  an average of about  
0 .2  micron.  The l a r g e s t  p a r t i c l e  observed i n  ZnO was 0.5 micron and i n  
T i 0  was 0.4 micron .  Using t h e  average  f i g u r e s  for s t a r t i n g  d i a m e t e r s  
t h e  c a l c u l a t e d  d i a m e t e r  a t  complet ion of t h e  r e a c t i o n  should be 0 .4  micron.  
The observed v a l u e s  measured from t h e  SEM photographs a r e  given i n  Table  111. 
2 
0.7 
D - 0  0.5 
Table  I11 
Average Maximum 
0.7 1.4 
1.1 1.7 
1 . 2  2 .o 
0 .8  1.4 
PIGMENT GRAIN DIAMETERS (MICRONS) 
These v a l u e s  i n d i c a t e  a g r a i n  growth of 10% a t  925°C (18 hours )  and 
300% a t  1050°C (18 h o u r s ) .  A s  might  be expec ted ,  B-0 w i t h  i t s  two f i r -  
i n g s  l i e s  between t h e  o t h e r s .  F i g u r e  4 i l l u s t r a t e s  t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  f o r  A-0 and B-0 measured by t h e  MSA t e c h n i q u e .  The presence  
of s i z e  f r a c t i o n s  above t h e  observed maximum g r P i n  s i z e s  a r e  t h e  r e s u l t  
of s i n t e r e d  agglomera tes .  
A l l  pigment p a r t i c l e s  a r e  g e n e r a l l y  a n g u l a r  i n  morphology, e x c e p t  
f o r  B-0 which e x h i b i t s  a tendency toward rounding .  A-0 and C-0 show s m a l l  
s u r f a c e  f e a t u r e s  about  0 . 1  micron i n  d i a m e t e r .  These a r e  b e l i e v e d  t o  be 
r e l a t e d  t o  t h e  HC2H302 l e a c h  given t h e s e  two pigments b e f o r e  g r i n d i n g .  
B-0  was f i r e d  a g a i n  j u s t  b e f o r e  g r i n d i n g  and D-0 was n o t  s u b j e c t e d  t o  
l e a c h i n g .  These s u r f a c e  f e a t u r e s  may be r e l a t e d  t o  t h e  presence  of f r e e  
ZnO. The r e f l e c t i v i t y  c u r v e s  show a ZnO s h o u l d e r  a t  0.350 nm f o r  A-0 
and C-0. D - 0 ,  which was formula ted  t o  c o n t a i n  e x c e s s  ZnO, shows a v e r y  
l a r g e  0.350 nm s h o u l d e r .  T h i s  s h o u l d e r  was n o t  d e t e c t e d  on B - 0 .  F i g u r e  5 
i l l u s t r a t e s  t y p i c a l  scanning  e l e c t r o n  microscope (SEM) photos  of t h e  pig-  
ment g r a i n s  b e f o r e  and a f t e r  plasma t r e a t m e n t .  A l l  pigments showed l i t t l e  
e f f e c t  of plasma h e a t i n g  on t h e  observed average  p a r t i c l e  s i z e .  The 
e a r l i e r  r e p o r t e d  measurements of p a r t i c l e  s i z e  by t h e  F i s h e r  technique  
i n d i c a t e d  a s i z e  r e d u c t i o n  a t  AT t e m p e r a t u r e s  i n  t h e  2900°C r a n g e .  The 
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SEM p i c t u r e s  r e v e a l  t h a t  t h e  low average  p a r t i c l e  s i z e  v a l u e s  a r e  due t o  
t h e  appearance of new o r  second-phase p a r t i c l e s  s i m i l a r  i n  s i z e  t o  t h e  
o r i g i n a l  s u r f a c e  f e a t u r e s  observed on pigments A-0 and C-0. A f t e r  t h e  
h i g h  tempera ture  plasma t r e a t m e n t ,  t h e s e  very  s m a l l  p a r t i c l e s  ( 0 . 1  t o  
0 .2  micron) amount t o  about  4% i n  A-2, based on a c a l c u l a t i o n  of a s h i f t  
i n  average F i s h e r  s i z e  v a l u e .  The d i s t r i b u t i o n  v a r i e s  between t h e  t h r e e  
pigments i n  t h e  f o l l o w i n g  r a t i o :  A-2 > C-2 > B - 2 .  
4 .  Chemical Immrities 
I n  p r e v i o u s  s t u d i e s  on o t h e r  m a t e r i a l s ,  plasma h e a t  t r e a t i n g  h a s  
been observed t o  b o i l  o u t  i m p u r i t i e s  and a c t u a l l y  upgrade a g iven  powder. 
To f o l l o w  any p o s s i b l e  e f f e c t  on i m p u r i t i e s  i n  t h e s e  pigments ,  samples 
were submi t ted  f o r  s e m i - q u a n t i t a t i v e  emis s ion  s p e c t r o g r a p h i c  a n a l y s i s .  
The r e s u l t s  (Table  I V )  show t h a t  t h e  i m p u r i t i e s  o r i g i n a t e  from t h e  ana- 
t a s e  and d u r i n g  t h e  s y n t h e s i s  of Zn T i 0  and n o t  a f f e c t e d  d u r i n g  t h e  
plasma . c a l c i n i n g  t r e a t m e n t .  
2 4’ 
Table  I V  
SEMI-QUANTITATIVE SPECTROGRAPHIC ANALYSIS 
( Q u a n t i t i e s  a r e  r e p o r t e d  a s  o x i d e s  of e l e m e n t s  l i s t e d )  
Zn 
T i  
M g  
S i  
Fe 
c u  
Ca 
A 1  
Nb 
SP500 
ZnO 
* Print . 
nd** 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
FF 
Anatase 
nd 
P r i n c  . 
0.015 
0.15 
<o .01 
<o .001 
0.004 
0.12 
0.15 
A- 0 
P r i n c .  
P r i n c  . 
0.02 
0 . 5  
<o .01 
<o .001 
. 0.002 
0.3 
0.05 
A- 1 
P r i n c  . 
P r i n c  . 
0.02 
1. 
<0.01 
0,001 
0.003 
0.4 
0.05 
A-2 
P r i n c .  
P r i n c  . 
0.03 
1. 
<0.01 
0.001 
0.002 
0 . 6  
0.05 
B-0 
P r i n c  . 
P r i n c  . 
0.03 
1 . 2  
<o .01 
<o ,001 
0.005 
0.7 
0.05 
~ 
D - 0  
P r  i n c  , 
P r i n c  . 
0.025 
0.1 
<o .01 
0.002 
0.003 
0.25 
0.05 
* 
** Print. means p r i n c i p a l  c o n s t i t u e n t s  
nd means n o t  d e t e c t e d  
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B .  E f f e c t  of Vacuum W I r r a d i a t i o n  
The u l t i m a t e  t es t  of a pigment powder i s  on t h e  s u r f a c e  of a space 
v e h i c l e  i n  f l i g h t .  The n e x t  b e s t  t e s t  i s  i n  a s o l a r  s i m u l a t o r .  A l l  p ig-  
ment p r o d u c t s  from t h i s  program have been submi t ted  t o  I I T  Research In-  
s t i t u t e  f o r  t e s t i n g  i n  t h e i r  IRIF s i m u l a t i o n  f a c i l i t y .  A t  t h e  same t i m e ,  
t o  h e l p  i n  i d e n t i f y i n g  t h e  n a t u r e  of t h e  W damage, and t o  provide  a 
f a s t e r  a n a l y s i s ,  t h e  e l e c t r o n  s p i n  resonance technique  was i n v e s t i g a t e d .  
A l l  t e s t  r e s u l t s  have n o t  y e t  been r e c e i v e d  from t h e  s o l a r  s i m u l a t o r  t e s t s ,  
and consequent ly  t h e s e  w i l l  be  d i s c u s s e d  i n  a f u t u r e  r e p o r t .  
E l e c t r o n  paramagnet ic  resonance  (EPR) i s  a form of spec t roscopy 
a d a p t a b l e  t o  s t u d y i n g  photodamage i n  m a t e r i a l s  t h a t  have e l e c t r o n  para- 
magnet ic  centers .  T h i s  technique  h a s  been used e x t e n s i v e l y  i n  t h i s  
l a b o r a t o r y  i n  t h e  s t u d y  of ZnO pigments and t h e i r  s u s c e p t i b i l i t y  t o  W 
damage. 
p e r i o d  t o  apply  t h i s  t e c h n i q u e  t o  t h e  z i n c  o r t h o t i t a n a t e  pigments .  
A p r e l i m i n a r y  examinat ion  was made d u r i n g  t h i s  r e s e a r c h  697 
The d e t e c t i o n  of  paramagnet ic  e l e c t r o n s  by t h e  e l e c t r o n  s p i n  reson-  
ance technique  i s  i l l u s t r a t e d  i n  F i g .  6 .  The sample t o  be examined i s  
s imul taneous ly  i r r a d i a t e d  by microwave r a d i a t i o n  a t  a f i x e d  f r e q u e n c y ,  
v, and exposed t o  a v a r i a b l e  d c  magnet ic  f i e l d ,  H .  A t  H = 0 ,  t h e  magnet ic  
moments of t h e  e l e c t r o n s  a r e  randomly o r i e n t e d ,  and t h e  e n e r g i e s  of a l l  
paramagnet ic  e l e c t r o n s  a r e  e q u a l .  Upon i n c r e a s i n g  t h e  magnet ic  f i e l d ,  
t h e  magnet ic  moments of  t h e  e l e c t r o n s  e i t h e r  o r i e n t  w i t h  t h e  magnet ic  
f i e l d ,  m = +1/2, or a g a i n s t  t h e  f i e l d ,  m = -1/2.  The g r e a t e r  t h e  mag- 
n e t i c  f i e l d ,  t h e  g r e a t e r  t h e  energy  d i f f e r e n c e ,  LIE,  between t h e s e  t w o  
s t a t e s .  
S S 
6S. R .  Morr ison and K .  M .  S a n c i e r ,  " E f f e c t  of Environment on Thermal 
C o n t r o l  C o a t i n g s , "  SRI I n t e r i m  Repor t  N o .  2 ( D e c .  3, 1968) .  
7S. R .  Morr ison and K .  M .  S a n c i e r ,  " E f f e c t  of Environment on Thermal 
C o n t r o l  C o a t i n g s , "  SRI F i n a l  Repor t  PAD-6146 ( O c t .  15, 1969).  
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A resonance  c o n d i t i o n  o c c u r s  a t  a magnet ic  f i e l d  of H t h a t  p r o v i d e s  
0 
an energy  d i f f e r e n c e  of s p i n  s t a t e s  e q u a l  t o  the microwave e n e r g y ,  hv.  
T h i s  resonance  c o n d i t i o n  i s  given by 
h V  = gWo 
where g is  the s p e c t r o s c o p i c  s p l i t t i n g  c o n s t a n t ,  which i s  the d e s i r e d  
q u a n t i t y ,  h i s  P l a n c k ’ s  c o n s t a n t ,  and @ i s  the  Bohr magneton. 
A t  resonance ,  microwave energy  i s  absorbed by the sample a s  shown 
i n  the  lower f i g u r e .  The amount of a b s o r p t i o n  i s  p r o p o r t i o n a l  t o  the 
number of paramagqet ic  e l e c t r o n s  and depends on the d i f f e r e n c e  i n  popu- 
l a t i o n  of t h e  upper  n and lower n s t a t e s  a c c o r d i n g  t o  - + 
AE 
n = n exp(- E) - + 
where k is t h e  Boltzmar! c o n s t a n t ,  and T i s  t h e  a b s o l u t e  tempera ture .  
Equat ion  (3)  i n d i c a t e s  t h a t  t h e  s e n s i t i v i t y  f o r  d e t e c t i o n  of paramagnet ic  
e l e c t r o n s  i s  g r e a t e r  a t  lower t e m p e r a t u r e s  where t h e  p o p u l a t i o n  i s  g r e a t e r .  
S e v e r a l  EPR parameters  may be measured and used t o  c h a r a c t e r i z e  the 
paramagnet ic  e l e c t r o n  and i t s  environment:  
1. 
2 .  
3 .  
4 .  
5 .  
The g va lue  i n d i c a t e s  i f  an  e l e c t r o n  i s  f r e e  or i n t e r a c t s  w i t h  
a n g u l a r  o r b i t a l  moments ( e . g . ,  p- or d - o r b i t a l s ) .  
A resonance  l i n e  may be s p l i t  when the  resonance c e n t e r  h a s  
lower t h a n  s p h e r i c a l  symmetry, and t h e n  w e  speak of a n i s o t r o p i c  
g v a l u e s .  
Hyperf ine  s p l i t t i n g  r e s u l t s  from t h e  i n t e r a c t i o n  between the  
magnet ic  moment of t h e  e l e c t r o n  and t h a t  of the n u c l e u s  of 
t h e  atom. 
The l i n e  w i d t h  of t he  resonance  i n d i c a t e s  t h e  r e l a x a t i o n  pro- 
cesses by which the absorbed microwave energy i s  d i s s i p a t e d .  
The microwave power s a t u r a t i o n  p r o p e r t i e s  r e f l e c t  the r e l a x a -  
t i o n  p r o c e s s e s  and o f t e n  can be used t o  s e p a r a t e  o v e r l a p p i n g  
resonance l i n e s  w i t h  d i f f e r e n t  r e l a x a t i o n  p r o p e r t i e s .  
18 
Two major r e s o n a n c e s  were found t o  be a s s o c i a t e d  w i t h  Zn T i 0  a t  2 4  
l i q u i d  n i t r o g e n  t e m p e r a t u r e s .  The resonances  a r e  d e s i g n a t e d  a s  f o l l o w s :  
(x) g = 1.974 and (y) g = 1.960.  The resonance (y) is i d e n t i c a l  t o  t h a t  
observed i n  ZnO. The response  t o  i r r a d i a t i o n  and subsequent  oxygen 
b l e a c h i n g  s u g g e s t s  t h a t  t h e  resonance  cor responds  t o  photodamage d e f e c t s  
t h a t  cause  o p t i c a l  a b s o r p t i o n  i n  t h e  f a r  i n f r a r e d .  The resonance  (x)  h a s  
been a t t r i b u t e d  by IITFtI t o  correspond t o  photodamage i n  which T i  i s  
conver ted  t o  T i  . Based on t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n ,  no c l e a r  
c o r r e l a t i o n  can be seen between t h e s e  d e f e c t s  and t h e  o p t i c a l  a b s o r p t i o n  
i n  t h e  n e a r  i n f r a r e d  800 t o  900 nm r e g i o n .  
+4 
+3 
Table V summarizes t h e  changes observed i n  t h e  EPR t r a c e s  i l l u s t r a t e d  
i n  F i g .  7 .  Because t h e  s c a l e  f a c t o r s  d i f f e r  between t h e  t r a c e s ,  an a t -  
tempt h a s  been made t o  normalize t h e  peak i n t e n s i t i e s  based on t h e  s i z e  
of t h e  (x) resonance peak i n  W t r e a t e d  pigment A-2 t a k e n  a r b i t r a r i l y  a s  
a va lue  of 100. 
Table  V 
NORMALIZED EPR RESONANCE INTENSITIES 
Sample A A - 0  
a t  97OK A-l 
A-2  
Sample B B-0 
a t  77'K B-l 
B-2 
B e f o r e  W 
(XI 
n d* 
10 
85 
5 
75 
400 
(Y) 
nd 
nd 
400 
nd 
nd 
350 - 
A f t e r  W 
( X I  
60 
30 
100 
60 
100 
350 
(Y) 
nd 
nd 
530 
nd 
nd 
320 
nd means not  de tec ted .  
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3 250SF * H 250 SF 
I;'i 250 SF -.k 250 SF 
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BEFORE UV AFTER UV * 
SF = Scale Factor 
TA-7083-10 
FIGURE 7 EPR TRACES SHOWING EFFECT OF 
PLASMA CALCINING AND UV 
EXPOSURE ON TWO PIGMENTS 
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Changes observed i n  resonance  (x)  i n d i c a t e  an e f f e c t i v e n e s s  of plasma 
h e a t - t r e a t i n g  t o  cause  changes i n  paramagnet ic  resonances  b u t  there a r e  
i n s u f f i c i e n t  d a t a  a t  p r e s e n t  t o  c o r r e l a t e  t h e  changes w i t h  r e f l e c t a n c e  
d a t a .  F o r  e a s e  of c o r r e l a t i o n ,  the  v a l u e s  p r e s e n t e d  i n  Table  V a r e  shown 
on the a p p r o p r i a t e  c u r v e s  i n  F i g .  8. The r e l a t i o n s h i p  between the ob- 
served  W damage on the h i g h  tempera ture  plasma p r o d u c t s  i n  t h e  f a r  in-  
f r a r e d  and the  v a l u e  of resonance  (y) is  q u i t e  a p p a r e n t .  I t  i s  a l s o  
a p p a r e n t  t h a t  more work must be done i n  d e v e l o p i n g  a c o r r e l a t i o n  between 
resonance (x)  and s o l a r  s i m u l a t i o n  t e s t i n g .  
The IITRI d a t a  .in F i g .  9 ,  y - i r r a d i a t e d  o r t h o t i t a n a t e  samples r u n  
a t  77'K, a r e  inc luded  t o  i l l u s t r a t e  a g a i n  the  a p p a r e n t  s t r u c t u r a l  d i f -  
f e r e n c e  between pigments  A-0 and C-0 and pigment B-0 .  
Resonances (d) and (e) a r e  a p p a r e n t l y  a s s o c i a t e d  w i t h  t h e  o r t h o t i -  
t a n a t e  s t r u c t u r e  and n o t  w i t h  the b e g i n n i n g  m a t e r i a l s .  There i s  a re- 
v e r s a l  i n  i n t e n s i t i e s  between these resonances ,  wherein Samples A and C 
(having one s y n t h e s i s  h e a t  t r e a t m e n t  per iod)  show (e) a s  predominant and 
Sample B ( w i t h  two h e a t  t r e a t m e n t  p e r i o d s )  shows (d) a s  predominant .  
2 1  
100 
80 
60 
40 
20 
0 
0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 
WAVELENGTH - p WAVELENGTH - p WAVELENGTH - p 
AS RECEIVED LOW TEMPERATURE HIGH TEMPERATURE 
PLASMA TREATMENT PLASMA TREATMENT 
* E P R  normalized intensities. 
SOURCE: G. A. Zerlaut, “Development of Space-Stable Thermal Control Coatings,” I l T R l  Letter Report No. llTRI-U6002-75 (March 4, 1969) 
TA-7083-12 
FIGURE 8 REFLECTANCE SPECTRA ON PLASMA TREATED PIGMENTS SUBJECTED TO UV IRRADIATION 
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SOURCE: N. A. Ashford and G. A. Zerlaut, "Development of Space-Stable Thermal Control Coatings," 
I lTRl  Triannual Report No. IITRI-U6002-77 (April 30, 1969) 
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FIGURE 9 EPR TRACES OF GAMMA IRRADIATED PIGMENTS SUBJECTED 
TO TWO PLASMA TREATMENT TEMPERATURE RANGES 
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V FUTURE WORK 
The p o s s i b i l i t y  of a l t e r i n g  p a r t i c l e  p h y s i c a l  f e a t u r e s  by  m u l t i p l e  
plasma t r e a t m e n t  o f f e r s  a new approach t o  pigment p r e p a r a t i o n .  The e f -  
f e c t  of r e s i d e n c e  t i m e  must be a s c e r t a i n e d .  The EPR s t u d i e s  should be 
e n l a r g e d  t o  c o r r e l a t e  more w i t h  t h e  r e f l e c t a n c e  d a t a  from s o l a r  s imula-  
t i o n  tes ts ,  and p h y s i c a l  t e s t i n g  should  i n c l u d e  more plasma p r o d u c t s  
from t h e  new excess-ZnO o r t h o t i t a n a t e  f o r m u l a t i o n s .  Pigments should  be 
s u b j e c t e d  t o  d i f f e r e n t  r e a c t i v e  plasma environments  t o  a t t e m p t  a c o r r e -  
l a t i o n  between t h e  c a l c i n i n g  atmosphere and t h e  subsequent  EPR charac-  
t e r i s t i c s .  Once a c o r r e l a t i o n  i s  e s t a b l i s h e d ,  t h e  plasma parameters  
should be e a s i l y  opt imized f o r  a given Zn T i 0  pigment .  The e f f e c t  of 
plasma c a l c i n i n g  on o t h e r  pigments could  t h e n  be under taken .  
2 4  
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